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ABSTRACT
Conceptual scientific models of clay and clay fabric development can be constructed
profitably by considering chemical and physical systems in terms of an ordered
hierarchy. We develop here a hierarchical model of early stages of marine sediment
development identifying processes and focusing on mechanisms. While the focus of our
model is on mechanisms, the physical aspects of the hierarchy are cast in terms of the
scale of structure in which the mechanisms occur. Our primary scale of interest is the
nanometer (nanofabric) level of organization of sediment fabric. This level is nested
below the micrometer (microfabric) level that includes aggregates of clay signatures and
is nested above the molecular level that includes edges and faces of clay layers
characterized by atomic, ionic, and molecular organo-clay interaction. The model
provides a vehicle for identifying mechanisms with the spatial levels at which they
operate in order to understand the interaction of these mechanisms both within and across
these levels. For example, electrochemical mechanisms that affect the assembly of clay
layers and multi-layers operate at the molecular level manifesting as covalent and ionic
bonding, London-van der Waal‘s attraction, and very short range Born repulsion. In
contrast, the mechanisms of interface dynamics operate at nanometer to micrometer
spatial levels of organization. These mechanisms include mass fluid flow, laminar flow,
and shear forces of micro-turbulence. In fact, the rates and types of mechanisms
operating at each level in general hierarchical modeling typically do not form a
continuum across spatial scales, but rather are qualitatively distinct and seem to operate
in discreet and natural ranges within each spatial level. A hierarchical model can enhance
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understanding of this complex interplay of mechanisms and delimit the dominant
mechanisms and processes during the formation of organo-clay mud-to-shale during their
great planetary cycles.

INTRODUCTION
The energy forces involved with the formation of fine grained sediments, i.e., clay, and
the interaction of clay with organic material are located and originates at and below the
micrometer level of organization. The individual clay particles of interest in this study come
from the weathering of parent rock and minerals and form a thin rectangular solid, or layer,
the planar dimensions of which can be measured in tens of nanometers and the thickness
measured in nanometers. These layers come together in face-to-face arrangement forming
stable assemblages called domains. These domains form assemblages in various
configurations called signatures. This level of morphological and scalar complexity of clay
layers, domains, and signatures we call nanofabric, having introduced the term in Curry et al.
(2007). Assemblages of signatures are aggregates. Aggregates occur at a higher level of
morphological and scalar complexity which we designate as microfabric. Organic material is
often present during the formation of nano- and microfabric, which adds complexity to the
formation of clay sediment deposits.
We seek to improve our understanding of the complex developmental history of clay
nano- and microfabric. Here we develop a qualitative model that both describes and explains
the physics, chemistry, mineralogy, and the processes and mechanisms involved in early
sediment diagenesis. The microstructure, namely the physicochemistry and fabric, are the
―building blocks‖ of the quantitatively great and extensive fine-grained sediment and rock
record. Because the spatial scale at which clay deposits form is far removed from our
everyday perception of the world, a model for clay fabric development which incorporates
general systems theories is needed. The importance of such a model is apparent when we
recognize that the sediment and rock record reveals that more than 60% of the stratigraphic
column is composed of fine-grained material, namely clay. In this chapter, we develop a
hierarchical model that helps us sort out and understand the mechanisms and processes
involved in clay fabric formation at various levels of complexity.
Our hierarchical model is composed of three levels of complexity (figure 1). The ―focal
level‖ is our main level of concern within the model and addresses the processes and
mechanisms involved in clay nanofabric formation (figure 2). Below the focal level is the
level of ―initiating conditions.‖ The processes and mechanisms we recognize at this level are
molecular forces that make possible clay nanofabric formation. Above the focal level is the
level of ―boundary conditions.‖ The processes and mechanisms at this level occur at the clay
microfabric scale. The processes and mechanisms at the nanofabric, or focal, level make
possible the formation of the clay microfabric. We think that our hierarchical model will
facilitate greater understanding of how clay formation takes place at the nano- and
microfabric levels and will provide a new context for interpreting data from observations and
experiments with clay minerals. Furthermore, we think the model to be fecund and can be
usefully applied to other nano-level problems.
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Figure 1. Hierarchical model depicts the relationship of nanofabric to microfabric and to molecules.
Nanofabric is placed at the focal level of the hierarchy for the purpose of the model. The level of
boundary conditions that places constraints on the nanofabric is microfabric. The level of initiating
conditions that collectively affects nanofabric are molecules as manifested in various types of
electrochemical charge. Note that the three sheets, one layer, depicted level of initiating conditions is
not a clay mineral. Clay minerals comprise multi-layers. The continuum in size of layers assembled
into multi-layers and domains contrasts with the relatively sharp discontinuities between mechanistic
rates at the level of initiating conditions and those of the focal level.

INTRODUCTION TO SCIENTIFIC MODELING
Models are important for scientific research, theory formation, and explanation.
However, before giving the details of our suggested model, a more general discussion
regarding the nature of models and the role they play in science is essential.
The main goal of science is to explain phenomena that occur in nature and to provide
predictive value, sometimes called the ―empirical adequacy‖ of hypotheses and theories. The
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construction of models is useful for scientific explanation, and there are two broad kinds of
models: ‗Naturalistic‘ and ‗Formal‘ models.1

Naturalistic Models
Naturalistic models are used to describe and explain phenomena in the natural world.
They typically resemble the natural phenomena to be explained and are used by natural
scientists, physicists, chemists, biologists, geologists, etc., as well as by applied scientists
such as engineers, meteorologists, and medical professionals, etc. Naturalistic models can be
said to ―resemble‖ the phenomena in two ways: iconically or indexically. (C.S. Peirce; see
Alston 1964; pp. 55–61) For example, a physics teacher might employ different colored and
sized balls suspended on wires in nested ovals to ―resemble‖ our solar system. We can see
these in children‘s science classes. A construction engineer, who is commissioned to build a
bridge, might build a bridge model to scale in order to test structural integrity. Both of these
models are examples of iconic models. They can be said to be ―ontological chunks‖ of reality
(Aronson, Harré, and Way 1995); i.e., they are themselves physical objects and can be
physically manipulated.2 Obviously, the model bridge more ―closely‖ resembles the actual
bridge that will be built, than does the solar-system model of our actual solar system; our
actual planets are not made of the same sorts of materials, say plastic, as the ―planets‖ in the
model. The model bridge, however, might be composed of steel and other metals like the
actual bridge, though in a much reduced size.
Indexical models are typically non-iconic. In other words, they are non-depictional
representations of phenomena to be modeled. A simple example of an indexical model is the
fuel gauge in one‘s car. The fuel gauge represents how much gas is in the tank, but does not
―resemble,‖ nor is it an instance of, the gas itself. The model we propose for understanding
clay fabric development is indexical. It is a tri-leveled hierarchy that represents the
mechanisms and processes involved in clay nano- and microfabric formation. We think this
model accurately reflects how clay fabric is formed, but it is an indexical model, because it
looks nothing like the clay fabric, nor the entities (e.g., molecules) and processes and
mechanisms (e.g., bonding, causal forces) that it models.
Additionally, naturalistic models are constructed based upon inferences from empirical,
physical evidence. Scientists employ their various observational capabilities and use their
experiences in an attempt to understand natural phenomena, not in a vacuum, but against a
background of other scientific theories, to construct models that both describe and explain
how and why those phenomena behave as they do. Naturalistic models are epistemological
constructs. The term ‗epistemology‘ means ―the study of knowledge,‖ and consequently,
naturalistic models are epistemic constructs designed to aid our understanding of the physical
world. Naturalistic models are also said to be a posteriori because they are based upon
scientific experience. Furthermore, when scientists claim that an outcome is ―necessary,‖
what they mean is that the outcome is physically or naturally, not logically, necessary.
1

We slightly modify the terminology of Aronson, Harré, and Way 1995; they actually talk of a ―naturalistic
analysis of models in science,‖ pp. 50–71.
2
The term ‗ontology‘ means ―the study of being.‖ In this context, ontology has to do with what exists in the natural
world.
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(Philosophers call this sort of necessity ‗nomological necessity.‘) The phrase ‗physically or
naturally necessary‘ means that, given the laws of the natural sciences (physics, chemistry,
biology, etc.) as we now understand them, a particular outcome generally occurs.3 The usual
example is the proposition: ―All bodies gravitate.‖ If a ball is thrown out the window, it
gravitates and eventually will hit the ground. (We shall contrast this notion of physical
necessity with logical necessity later.)
Iconic and indexical naturalistic models may be said to be ‗verisimilar‘ to the natural
phenomena they represent–objects, events, or processes. The greater degree of resemblance
an iconic or indexical model has to its objects, events, or processes, the greater degree of
verisimilitude it exhibits (Aronson, Harré, and Way 1995). So, verisimilitude is really the
probabilistic degree to which a model corresponds to natural phenomena. Natural models
cannot be ‗true‘ or ‗false‘ because truth and falsity are properties of propositions (Frege,
1956; see also 1948), not models. Propositions are linguistic items; models are not.

Formal Models
Formal models are abstract and symbolic representations, rather than naturalistic iconic
or indexical representations. (C.S. Peirce; see Alston 1964; pp. 55–61) Logic and
mathematics are formal models. Two fundamental aspects characterize a formal model:
syntax and semantics. The ‗syntactic aspect‘ is most often a linear string of uninterpreted
symbols, such as constants, variables, connectives, quantifiers, etc. For example, in first-order
predicate calculus (an elementary logical system), its syntax contains the following string of
symbols: ( x)(Fx & Gx). The syntactic aspect of a formal model sets the rules for the ―proper
grammar‖ the formal model, i.e., it establishes what counts as a well-formed formula in the
model (i.e., its wffs or sometimes wfs). The mathematical equation (3 + a = 8) is a wellformed formula, where a is a variable; but the same elements in a different order, e.g. (a 3 = +
8), is not.
The semantics of a formal model provide the rules for interpreting the symbols,
connectives, etc. of logical or mathematical wffs, i.e., what they mean, together with
specifying the rules under which a given interpretation will be true. For example, consider the
above first-order predicate wff, ( x)(Fx & Gx). This wff is an existentially quantified
statement which means: ―There is an x such that x is both F and G‖ where ( x) is the
existential quantifier and means ―there is something/someone‖;‗Fx‘ means ―x is funny,‖
where x is a variable meaning ―something/someone or other,‖ and ‗Gx‘ means ―x is
gracious‖; ‗&‘ is a connective meaning ‗and.‘ So the meaning of the syntactical expression is:
―There is a particular ‗x‘ (someone/something) which is both funny and gracious.‖ If there is
an ‗x‘ that is both ‗funny and gracious,‘ we say the interpreted proposition is ‗true,‘ otherwise
it is false. Notice, here, that we employed the term ‗true,‘ since we are talking about a logical
proposition. The logical expression is appropriately considered to be true or false, because
truth and falsity are properties of propositions, whether logical, mathematical, or in a natural
3

Striking a match does not guarantee that the match will light—the match might be damp and so striking it will not
produce the expected result. This is different in logic or mathematics. Performing a calculation will either be
done correctly and one will get the necessary result, or, one will perform the calculation incorrectly, and
therefore get the wrong answer.
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language like English. So, formally: ―An interpretation is said to be a (semantic) model for a
set Γ of wfs, (or wffs), if and only if every wff in Γ is true for the interpretation.‖ (Mendelson
1964, p. 51) What this means is that the semantic aspects for formal logical or mathematical
models only contain true propositions. False propositions are not part of the model. For
example, ‗(2 + 3 = 5)‘ is true under the standard interpretations of basic mathematics and is
part of the formal model; but ‗(2 + 3 = 6)‘ is not part of the model, because it is false.
The relationship between logic and mathematics is hierarchical. So, logic may be said to
be ―the formal metalinguistic model‖ for mathematics. In other words, the principles of
mathematics are reducible to logical formulae.4 The goal of what is called ‗logicism‘ was to
reduce elementary mathematics to fundamental logical principles. Alfred North Whitehead
and Bertrand Russell demonstrated this reduction was possible for mathematics in their
seminal work, Principia Mathematica (1910).
Important distinctions exist between naturalistic and formal models. Naturalistic models
are constructed a posteriori, i.e., from experience, and are said to have various degrees of
verisimilitude with the natural phenomena they model, according to the extent that they
iconically resemble those natural phenomena. Formal models, on the other hand, are
constructed a priori, i.e., without any appeal to empirical experience. One can develop one‘s
own logical system ―ex nihilo,‖ because one can simply choose what symbols one wants to
use in the system and ―stipulate‖ their meaning and function within that system. Logicians
frequently do this, but little children do it more often when they construct their own ―private‖
language for say, the tree house club members. This is why formal systems are said to be
analytic. They are systems that are internally coherent, i.e., there should be no contradictions,
and consistent, i.e., all propositions within the system can be true together and a priori. Also,
propositions within an analytic system are said to be ‗logically necessary.‘ The propositions
are either logically necessarily true or false. For example, the mathematical proposition (2 x 3
= 6) is (logically) necessarily true, given the definitions of the concepts, ‗2‘, ‗x‘, ‗3‘, ‗=‘, and
‗6‘ within the mathematical system. However, the proposition, (2 x 3 = 6 and 2 x 3 ≠ 6) is
(logically) necessarily false because it is a contradiction. So, for those unfamiliar with a given
formal model, one will need to be given the ―keys‖ to the syntax and semantics of the model,
in order to understand it. For example, only the members of the tree house club understand
the meaning of those ―nonsense‖ words; parents do not have the ―key.‖ A student learning
logic or a child learning basic math needs the assistance of someone who knows the key and
often a textbook that explains the key. Thus, formal systems need not have any
correspondence to natural phenomena, or the ―world‖ outside of the internally coherent and
consistent system. Nevertheless, scientists sometimes employ mathematics in their natural
models and in theoretical expression.
If mathematics is a formal system that need not have any correspondence to a world
―outside‖ the system, then how do scientists apply mathematics within naturalistic models?
Two answers might be given. (1) Physical objects and rates of change in objects can be
measured. These measurements then can be used in mathematical formulae which assist
scientists in making generalizations and predictions, which are required to test theories for
empirical adequacy. (2) If a naturalistic model is developed first, scientists may seek ways to
4

First-order predicate calculus with identity is the meta-language for mathematics. For example, see Abraham
Robinson (1963) Introduction to Model Theory and to the Metamathematics of Algebra. Amsterdam: NorthHolland Publishing Company.
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express the model mathematically. ―[I]n real science the model or models are in hand and the
problem is to find the best mathematical structure to capture their main structural features.‖
(Aronson, Harré, and Way, 1995: p. 83) Because mathematics is a formal system that is a
priori, internally coherent and consistent, it provides a more elegant, i.e., parsimonious, way
of expressing the naturalistic model or aspects of the model. Nature is highly variable;
mathematics is not—it is precise. As logicists pointed out, natural ordinary languages are
imprecise—terms are used in different ways (equivocally), the meanings can be vague or
unclear, etc. Logic, however, is precise and clear. So, much advantage is gained by expressing
ordinary language in logical formulae or scientific naturalistic models in more elegant
mathematical formulae, because they provide universal clarity (to all who understand these
formal systems) and greater precision; namely, avoiding ambiguity and vagueness. We all
have heard that mathematics is considered to be a ―universal language,‖ even though it is
really logic that is universal foundational language for mathematics.
Despite these advantages of applying mathematics to naturalistic models, there are some
important differences to bear in mind between formal and naturalistic models. As we have
already pointed out, mathematics as a formal model is clear, precise, coherent, and consistent.
Nature is considerably more ―messy,‖ because it requires an a posteriori model, not an a
priori one. As such, mathematics can give an ―ideal‖ representation of what the naturalistic
model attempts to describe and explain. By ‗ideal representation‘ we mean the mapping
function from the mathematical model onto the naturalistic model. Furthermore, the notions
of ―mathematical space‖ and ―physical space‖ are not the same. Physical objects might be
able to be expressed mathematically, but not all ―objects‖ conceived to occupy mathematical
space can occupy physical space. Peter van Inwagen (1981) provides an interesting example
to illustrate this.
A region of space is occupiable if it is possible (in what Plantinga calls ―the broadly
logical sense‖) for it to be occupied by a material object. Presumably not all regions of
space are occupiable. Consider a spherical region S; consider that sub-region of S that
consists of just the points within S that are at distances from the center of S that have
irrational measures: it is certainly hard to see how this sub-region could be occupied by a
material object. (note 3, p. 135)

Simply because an ―object‖ can theoretically ―occupy mathematical space‖ does not
mean that it can occupy physical space. ―Can occupy mathematical space‖ simply means that
the mathematical expression or equation does not generate a contradiction nor is it
inconsistent within the formal system of mathematics. What is mathematically possible, does
not guarantee that it is physically possible.
Thus far, we have shown that there are various types of models, broadly speaking,
naturalistic and formal. We have further discussed the role and applicability of both
naturalistic and formal models to science. And we have noted that there are two different
notions of necessity which are employed by naturalistic and formal systems: physical
(nomological) and logical necessity, respectively.5 We have also shown how the models differ
and suggested both advantages and disadvantages to the models. What is left for us to explore
is the relation of natural models to what they describe and explain. We have said that a goal
5

There is a third form of necessity called ‗normative necessity,‘ which has to do with following the rules. For
example, ―It is necessary that you move your bishop diagonally on its own color‖ when playing chess.
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of naturalistic models is to describe and explain natural phenomena; but what is the
ontological status of the phenomena to be explained? In other words, do science‘s naturalistic
models really describe and explain a mind-independent world, full of objects, events,
processes as they in fact are or occur, together with their associated theories, or are they
merely pragmatic heuristic devices that aid our human understanding? This is the debate
among scientific realists and scientific anti-realists, to which we now turn.
Scientific Realism vs. Scientific Anti-realism.6 Broadly stated, scientific realists claim that
not only is there a mind-independent world, but also scientific theories are considered to be
true or approximately true and the models developed are verisimilar to the states of affairs
that obtain in the world. Scientific anti-realists claim that even if there is a mind-independent
world, scientific theories need not be true and models need not be verisimilar in order for
them to be useful. Just as long as the theories and models continue to ―save the phenomena‖
(van Fraassen, 1976), that is, aid in our understanding, the theories need not be true to be
good. Anti-realism, then, can be seen as a kind of pragmatic approach to scientific theories.
What works is good, even if it is not literally true. For a scientific anti-realist like Bas van
Fraassen (1976), accepting a theory need not entail belief in the theory. He states:
...there are two distinct epistemic attitudes that can be taken: we accept a theory
(accept it as empirically adequate) or believe the theory (believe it to be true). We can
take it to be the aim of science to produce a literally true story about the world, or simply
to produce accounts that are empirically adequate. (p. 632)

One of the primary concerns in the scientific realism–antirealism controversy concerns
the status of ―unobservables‖ that are frequently postulated in scientific hypotheses and
theories. Observable objects are those that can be perceived by humans with or without the
aid of special instruments like microscopes and telescopes. Unobservable entities are those
that (at least up until the present) have not been perceived. Viruses are observable entities
with the aid of electron microscopes, though in Pasteur‘s time, most people considered
viruses to be mythical. Quarks in physics, on the other hand, are unobservables, that is, they
are theoretical entities which aid physicists in explaining atomic states. For an anti-realist, one
need not believe that quarks really exist. They ―save the phenomena‖ as theoretical entities
and aid in explanations in physics; they are pragmatic devices. Van Fraassen‘s (1980)
antirealism is restricted to unobservables, not observables.
For a scientific realist, on the other hand, even if we do not know that quarks in fact exist
in a mind-independent world, as long as they are useful in scientific explanations and
theories, and these explanations and theories continue to be successful in predicting
phenomena, etc., then that suggests the likelihood (not certainty) that these particles do exist.
Paul Churchland (1998) scoffs at the distinction between unobservables and observables as
being a legitimate basis for rejecting theories that include unobservables as not likely to be
true. He states:
For me, then, the ―empirical success‖ of a theory remains a reason for thinking the
theory to be true and for accepting its overall ontology. The inference from success to
6

There are variations in scientific realist positions and scientific anti-realist positions. We, here, present a kind of
generic version. For our purposes, the nuances within the various positions do not directly bear on our general
discussion.
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truth should no doubt be severely tempered by the skeptical considerations adduced, but
the inference to unobservable ontologies is not rendered selectively dubious. Thus, I
remain a scientific realist. My realism is highly circumspect, but the circumspection is
uniform for unobservables and observables alike. (p. 414)

The gist is that continued success of a theory suggests that the unobservable entities
postulated within the context of that theory probably exist. They are not merely pragmatic
heuristic devices.
With respect to naturalistic models, a scientific realist contends that the model
approximates what is the case in the mind-independent world and the extent to which the
model resembles what is the case, is its verisimilitude. For a scientific anti-realist,
verisimilitude is not an issue; only whether the model serves a pragmatic purpose. Whether
one is a scientific realist or anti-realist, the hierarchical model we propose represents clay
fabric formation and should prove useful. We are scientific realists and suggest that our
model represents the various levels at which the mechanisms, processes, and constraints take
place that delimit the levels. Our model is indexical, not iconic, because it does not ―look
like‖ the world; but it does indicate what we think takes place in clay nano- and microfabric
formation and so exhibits verisimilitude.

IMPORTANT TERMINOLOGY
Philosophical and Modeling Terms
We clarify some terminology that is relevant to our hierarchical model in this section. We
have already introduced some important philosophical concepts in the previous section. We
remind the reader of these: ontology has to do with the way things are in the physical world;
epistemology is the study of knowledge, and models are epistemic constructs, because they
help us understand the physical world. We also introduced two notions of necessity which
will be important to bear in mind: physical or nomological necessity has to do with the laws
of the natural sciences (physics, chemistry, geology, biology, etc.) as we know them; logical
necessity has to do with avoiding generating a contradiction.
More specifically related to our model, we clarify the notions of mechanism and process
as we employ them. A mechanism is a causal energy force that operates within its own level
of the model, e.g., van der Waal‘s attraction or ionic bonding at a molecular level. A process
is a set of two or more different mechanisms (figure 2). For example, the van der Waal‘s
attraction and ionic bonding mechanisms operating at the molecular level when taken together
form ―a process,‖ such as the electrochemical process. Therefore, particular mechanisms at
one level, e.g., the molecular level, define collectively a particular process at the next higher
level, e.g., the nanometer level. So, whereas mechanisms are real causal forces operating on
physical objects, processes are conceptual (not physical things) because they are sets of
mechanisms taken collectively. Sets are conceptual because things are grouped together; a set
of horses is not itself a horse, but a collection of particular horses. So, a process is a collection
of mechanisms, but is not itself any one of the mechanisms contained in the set. But
mechanisms and processes are terms applied relative to their respective levels in the
hierarchy, so what are particular mechanisms at one level, taken collectively, may be
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considered a process at the next higher level. Particular mechanisms at the next higher level,
say the second level, then, when taken collectively, are considered to be a process at the next
higher level, say, the third level of the hierarchy, and so on. In our hierarchical model of clay
fabric formation, at the level of what we call ―initiating conditions,‖ van der Waal‘s
attraction, ionic bonding, etc. are mechanisms at the molecular level for clay domain bonding,
but taken collectively, they are an electrochemical process which forms a layer of clay at the
―focal‖ level, which is the next higher level. Particular mechanisms operate at the focal level,
such as electrochemical and thermomechanical mechanisms that form and hold layers of clay
together to assemble domains and signatures. These mechanisms taken collectively are a
process for clay aggregate formation at the next higher level, what we call the level of
―boundary conditions.‖

Figure 2. This hierarchical model depicts the relationship of processes and mechanisms. Particular sets
of mechanisms operating at one level of the model are interpreted as processes at the next higher level
of the model. For example, the electrochemical process at the focal level includes (but is not limited to)
the mechanisms of van der Waal‘s attraction, ionic bonding, and covalent bonding operating at the level
of initiating conditions. Since processes and mechanisms are relative to the level at which they are cast
in the model, the electrochemical process, just used as an example, is also a (collective) mechanism
when operating at the focal level and when coupled with the thermochemical mechanism at the focal
level, is interpreted as a physicochemical process at the level of boundary conditions.

The concepts of emergent and resultant properties are useful in hierarchical modeling.
They depend upon part-whole relationships. Part-whole relationships are relative to the scale
of inquiry. For example, a claw is a part of a whole paw which in turn is a part of the whole
dog. Thus, parts may be said to be nested hierarchically in a whole where the concept of part
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and whole is relative in that every whole for one system is a part of another whole in a larger
system (except possibly the universe). Resultant properties are properties that are said of the
whole and found in some of the parts. Emergent properties are properties that are said of the
whole but not found in any of the parts. An emergent property is a qualitative novelty for the
whole relative to a particular level of spatial or temporal organization (Mahner and Bunge,
1997). A layer has, for example, the emergent property of crystalline structure from the
organization of the molecules that comprise it. That same crystalline structure is a resultant
property of a clay domain, because a domain is composed of many layers each with its own
crystalline structure. Properties may be real physical things or relations. Physical properties
are the material parts of things, such as a layer which is a part of a clay domain and therefore
a physical property of the domain. Relational properties involve two or more physical things
or parts of physical things. For example, when two clay domains come together they form a
signature. Signatures only form three different morphologies, face-to-face (FF), edge-to-edge
(EE), and edge-to-face (EF). These three morphologies are emergent properties of signatures
that are relational, spatial associations of the domains that comprise signatures. Relational
properties include mechanisms. So, for example, individual clay domains have an
electrochemical surface charge expression and charge distribution based on the crystal
structure and specific atoms comprising the clay sheets and on the types and spatial
arrangement of the layers that comprise them. The manner in which the three morphologies
(signatures) occur and the strength that holds them together is manifested in the
electrochemical charge distribution characteristics of the edges and layers (faces) of the
domain. The electrochemical charge(s), i.e., positive and negative, is the mechanism
(attractive energy force) for forming the three signature morphologies from domains.
Logically, two positive or two negative charges in proximity to one another, such as parts of
two domains, will result in a repulsive energy force and will not be a site of contact forming
either of the three signature morphologies. Thus, there are constraints placed on the
electrochemical mechanism(s) defined herein.

Clay Fabric Terms
Clay nanostructure refers to two fundamental properties: fabric and electrochemistry.
Fabric is described as the orientation, arrangement, spatial distribution, and association of the
clay minerals. The electrochemistry in early clay fabric development refers to the electrical
interparticle forces between and among the layers, clay domains and signatures, and organic
particles. Clay microstructure refers to two fundamental properties: the fabric and
physicochemistry. The physicochemistry in early clay fabric development refers to the
electrical interparticle forces between and among the clay aggregates and organic particles
(table 1). [Following deposition at the sediment-water interface clay particles and aggregates
experience a significant increase in gravitational force and increasing effective stress between
and among particles with increasing burial depth adding to the electrochemical interparticle
forces (Bennett and Faris, 1979; Bennett and Hulbert, 1986; Bennett et al., 1991).]

Table 1. A three-level hierarchical model. Rates of system behavior are criteria for discovering levels, and
selected emergent properties of clay and clay fabric are criteria for subdividing the focal level
Level

Characteristic
physical structure(s)

Spatial range
or scale

Boundary
conditions
level
Focal level

Aggregates

Microfabric
>1000 nm

Layers, domains, &
signatures

Nanofabric
10–1000 nm

Initiating
conditions
level

Molecules

Molecular
< 10 nm

1, 2

Characteristic
mechanisms

Electrochemical1,
thermomechanical1,
shear force2, mass fluid flow2, mass
energy transfer at boundaries of
contacting particles2
Van der Waal‘s attraction3, ionic &
covalent bonding3, Brownian motion4,
molecular reorganization in response to
temperature change4, e.g., freezing

Processes at the boundary conditions level and their respective mechanisms at the focal level.
Processes at the focal level and their respective mechanisms at the initiating conditions level.

3, 4

Characteristic
processes
Physicochemical1,
interface dynamics2

Typical rate
of system
behavior
seconds,
minutes

Electrochemical3,
thermomechanical4

milliseconds,
microseconds

nanoseconds
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A mineral sheet is a crystal lattice structure composed of aluminum and silicon atoms.
The crystal structure is either tetrahedral or octahedral. The aluminum and silicon atoms often
occur with charged atoms in isomorphous substitution in the lattice that are unbalanced in
charge with the surrounding atoms. Typically magnesium or iron may proxy for aluminum in
some clay minerals (Grim 1968).
Layers are composed of tetrahedral and octahedral mineral sheets combined in either a
1:1 (tetrahedron:octahedron, e.g., kaolinite), or 2:1 (tetrahedron:octahedron:tetrahedron, e.g.,
smectite) ratio each with specific types of atoms. Layers that are destined to be involved in
clay formation typically exist as multi-layer structures.
A clay mineral is a crystal structure of a small, but unspecified number of multi-layers
with a large surface area-to-mass ratio and a well-defined x-ray diffraction pattern with
specific chemical composition. Specific types of clay minerals have specific diffraction
patterns, chemical compositions, and size ranges. The ―clay mineral concept‖ is reviewed by
Grim (1968).
Domains are constructed of face-to-face clay mineral multi-layers which may have a
slight offset one-to-another as they stack (figure 3). Examples and discussions of clay
domains are found in Sloan and Kell (1966), Smalley and Cabrera (1969), Moon (1972),
Bennett and Hulbert (1986), and Bennett et al. (1991). In concert with clay microstructure,
domains are the building blocks of clay sediment. Note that clay minerals and domains may
refer to the same structure, but clay minerals are recognized by their chemical and crystal
structure and domains are recognized by their morphology. A domain could be a clay mineral
or include more than one type of clay mineral.

Figure 3. Domain. A multi-layer structure of clay minerals. A layer consists of tetrahedral-octahedraltetrahedral (two-to-one smectite, 2:1, commonly) or tetrahedral-octahedral (one-to-one kaolinite, 1:1)
sheets. Several layers often comprise what appears as a single unit, but actually is a repeating series of
2:1 sheets. Stacked layers as depicted in the figure are usually strongly bound together by van der
Waal‘s attraction face-to-face and function (behave) under low to high stress regimes as a single
particle. Thus we define the domain as a ―particle‖ in form and function. Modified from Bennett and
Hulbert (1986) and Moon (1972).

Signature refers to the mode of domain association between two domains in contact and
is extended descriptively to multiple particle associations, e.g., more than two particles
forming an aggregate. Because of the plate-like morphology of common clay domains, only
three fundamental fabric signatures are possible in a pure clay sediment system: FF, EE, EF
(Bennett and Hulbert, 1986; figures 4, 5). Note that an aligned face-to-face arrangement is
basically a large domain and not a signature. However, several stepped face-to-face domains
are a signature that typically form a chain. Commonly, large scale fabric features possess
multiple fabric signatures within a particular fabric feature. However, usually there are one or
two dominant signatures present at large scales (>>µm) as revealed in detailed mosaics from
electron micrographs of contiguous fabric signatures (Bryant and Bennett 1988).
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Sediment is a geological term describing material deposited from the atmosphere
(aeolian) or water column. Sediments typically are formed as suspended matter settles
through the water column, or, from the atmosphere and into the water column, under the
influence of gravity. The composition of sediments reflects the composition of the suspended
material in the water column above the deposit. Commonly this material includes rocks and
minerals eroded into the water columnn, living organisms and their products of metabolism
and decay, and detritus swept off the land. Water in vigorous hydrodynamic motion may
suspend even large particles and transport them until they settle out in quieter regions. Once
sediment is deposited, extensive alteration may take place, such as compaction under the
weight of additional sediment, reworking by living organisms, chemical diagenesis, and resuspension and deposition.

Figure 4. Clay fabric models developed from direct transmission electron microscope observations of
smectite-illite rich high-porosity marine sediment. From Bennett et al. (1977, 1981). The top figure is
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fabric of red clay deposit from the Pacific deep sea-basin. See Bennett et al. (1981). A–D is fabric of
pro-delta marine deposit depicting high porosity (A) smectite-illite rich muds randomly arranged
domains in EF, FF, and EE arrangement. Sediments consolidate with burial depth to lower porosity (C–
D) with FF preferred particle orientation of the fabric (D). Porosity n = vol. voids/total volume (percent
void space to the total volume of sediment).

Figure 5. High porosity (~68–72%) sediment transmission electron microscope photomicrograph of the
three possible modes of clay domain particle contacts (particle associations). See: stepped face-to-face
(FF), edge to face (EF) and edge-to-edge (EE) contacts. Long-chains in stepped face-to-face contact can
produce high porosity sediment. See Figure 4. The sediment was sampled from the Mississippi prodelta and is representative of surficial sediment near the sediment-water interface. These delta
sediments have total organic carbon (TOC; 0.5–1.5%) percentages that are not rich in organic matter
(see Bennett et al. [1985, 2004]). From Bennett et al. (1991).

The electrical double layer is formed about electrically charged particles (such as clays
and ionized organic matter) in water. The double layer consists of the electrical charges,
positive or negative, on the surface of the particle and the ions in solution opposite in sign and
equal in magnitude of charge to those on the surface. The ions in solution, which are typically
hydrated, are in constant thermal motion but on average they reside at a distance from the
particle surface which is characteristic of the particular aqueous medium and controlled by
factors such as its ionic strength. This location may be referred to as the plane of the diffuse
double layer.
Several types of deep energy wells are found in clay fabric. Three are relevant to our
model.
1. Perhaps the simplest is that of a positively charged particle approaching a negative
face of clay. The interaction is always attractive between the two until the particles
come so close together that Born repulsion comes into play. At that point, the two are
held together by electrostatic attraction and van der Waal’s forces and the associated
potential energy that strongly holds the particles together is referred to as a deep
energy well.
2. A slightly more complicated case is the approach of two same-charged particles. For
example, two clays approaching face-to-face (figure 6) or alternatively the charged
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portion of an organic molecule approaching a surface of like charge. In this case, the
electrostatic repulsion increases as two clays approach, reaching a maximum as the
positive ions of the diffuse electrical double layer are superimposed (at a distance of
2X where X is the distance from the face of a particle to the plane of its chargecompensating, hydrated positive ions; figure 6). As this repulsion is overcome and
the particles approach even more closely, some of these positive ions become
associated with the clay surface while others are pushed out along with the water
formerly separating the particles. At such close proximity, van der Waal’s forces
attract and hold the two particles together at distance dictated by the Born repulsion.
3. A much more complex situation may occur when two particles joined edge-to-face
are approached by a third particle of like charge (figure 7). For separations equal to
the distance of the repulsive maximum (2X) or greater, the behavior is like that
described in case 2 above. As the separation decreases still further, the approaching
particle will be drawn toward the deep potential energy well located in the vicinity of
the edge-to-face contact. The three-dimensional shape of this potential energy well
may be quite complex because of irregularities in the geometry of the edge and the
face contact.

An important reason that we talk about the edge-face conjoined pair of clay particles is
that the sum of forces causes members of an important class of electrically charged entities in
the aqueous or seawater suspension of clay plus organics to do something special — to be
attracted strongly toward the intersection between the edge and the face. Of course since the
entity of interest is charged, it is correctly referred to as an ion. But the important class of
entities that show the peculiar behavior are not the small hydrated ions, but those of many
atoms such as other clay particles and large organic molecules that bear some electrical
charge.

Figure 6. Potential energy versus interparticle distance for two particles in suspension as they approach
each other in face-to-face arrangement. Energy of interaction is repulsion and attraction as a function of
the interaction of the double layer clay particle charges surrounded by hydrated ions in seawater and the
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fixed charges of the particle’s van der Waal’s force of attraction. Curve a may move depending upon
the seawater salinity. As the particles approach each other closely, van der Waal’s attraction “pulls” the
particles together into a “deep” energy well. Thermomechanical energy of hydrated ions may “kick”
particles together during approach of the particles, push the particles over the potential energy “hump,”
and allow them to drop into or approach closely the deep energy well: see curve d. Modified from
Bennett and Hulbert (1986).

Figure 7. Potential energy field in the vicinity of clay particles (some edge-to-face) as felt by another
particle that is free to translate in a plane. Note deep energy wells that can attract charged particles
(solids, organic matter) and bind them tightly within the energy field. Modified from Bennett and
Hulbert (1986).

The less important, relatively small hydrated ions of either charge behave according to
their charge. Small ions of the same charge (negative) as the now conjoined EF pair, will be
repelled effectively from the area and be out in the solution. This is because they are too
small, have too few atoms, for the van der Waal’s force to overcome the electrostatic
repulsion — recall that van der Waal’s is much weaker per atom than electrostatic
interactions and only becomes significant when there are enough atoms so that the sum of all
of the small van der Waal’s attractions due to temporary induced polarization of the atoms
adds up to rival the electrostatic interaction. Small ions of the opposite charge (positive) to
that of the edge-face pair will be part of the diffuse electrical double layer. Again because
there is neither specific bonding to make the hydrated ion become a part of the clay nor is the
ion composed of enough atoms to be held in more closely by van der Waal’s forces.
The interesting charged molecules (and also important ones for things we care about such
as defining permeability of sediments and protecting organic matter) that display what we call
novel behavior are other clay particles (which generally have negative overall charge as
pointed out elsewhere in our manuscript) and large organics with some negative charge.
When these approach closer to a clay surface than the plane of the diffuse electrical double
layer, the net attractive forces bring and hold them to the clay. In the absence of the edge-to-
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face contact, the approaching entity is not attracted to any particular location on the clay
surface, and so it winds up wherever its trajectory that drove it closer in places it. But if there
is an edge-to-face contact, then the approaching particle moves toward the contact (we talk
about this as falling into a deep potential energy well) until it is stopped by Born repulsion as
its atoms come too close to the atoms of the EF pair.

INTRODUCTION TO HIERARCHICAL MODELING
The hierarchical model we propose is an epistemological (or epistemic) tool to aid our
understanding of clay nano- and micro-fabric formation. It is an indexical representation of
the levels of mechanisms and processes involved in clay formation. The degree of
versimilitude it bears to the way the world is depends, in part, upon the empirical adequacy of
the descriptions and explanations contained in the model itself. As we have already
suggested, the evaluation of the success of the model need not depend upon whether one is a
scientific realist or scientific anti-realist.
Naturalistic models are constructed to describe and explain natural phenomena, so the
content of the model will vary according to scientific questions being asked. Salthe’s (1985)
hierarchical model has three levels which he employs to describe and explain phenomena in
ecology and organic evolution. The middle level of his model is the main focus for his
scientific questions concerning ecology and organic evolution and is called the focal level. It
might consist of populations of organisms. The focal level is delimited by levels above and
below. The level below is the level of initiating conditions and might include organisms
which comprise the population at the focal level. The level above is the level of boundary
conditions and might include species or other taxa which are formed from populations at the
focal level. The levels are identified and delimited by perceived rates7 of behavior of systems,
e.g., organisms, populations, species, that are manifested in change of those things that are
placed at each level. For example, the turnover rate of organisms is significantly faster than
the turnover rate for populations, and this turnover rate is faster than the turnover rate for
species. The turnover rates (more generally, rates of system behavior), which seem to form
natural breaks, justify level delimitations in the model. Rates of system behavior at the level
of initiating conditions is so fast relative to rates at the focal level, that from the perspective of
the focal level no one event, e.g., the birth or death of a single organism, has any significant
impact on a population, but many births and deaths do. A species, at the level of boundary
conditions, appears largely constant for populations.
Our model takes from Salthe the three level hierarchy with its emphasis on
discontinuities in rates of system behavior as criteria for identifying levels. Our scientific
questions are concerned with the dynamic assembly of clay and clay fabric. Our hierarchical
model has the following three levels (figure 1): The focal level includes individual layers,
domains, and signatures. The level of initiating conditions includes molecules. The level of
boundary conditions includes clay aggregates (two or more clay signatures bonded). The
levels in our model are separated by one or more orders of magnitude for most mechanisms
7

By ‘perceived rates’ we mean rates expressed in units practical for the mechanism under consideration. Rates for
many mechanisms could be measured with various units and thereby placed at any of the three levels. Thus
while one could cast the age of an organism in milliseconds or eras, the choice of the units has to be pragmatic
for the scientist using the model. Casting a human life span in terms of milliseconds would not be useful.
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identified at each level (table 1, figure 2). Atomic charge distributions, e.g., ionic and
covalent bonding between molecules, are among the mechanisms that determine and restrict
the behavior of clay layers, domains, and signatures. These mechanisms operate collectively
as, e.g., an electrochemical process, at the focal level. The level above the focal level
represents the boundary conditions for mechanisms at the focal level. The electrochemical
process at the focal level is itself a mechanism at the focal level which combines with a
thermomechanical mechanism to be a physicochemical process at the level of boundary
conditions. Boundary level conditions represent potentials for, as well as constraints on, the
collective events that occur at the focal level. For example, aggregates of clay signatures
represent boundary conditions. As clay signatures come together, because of the
electrochemical and thermomechanical mechanisms in the focal level of the model, the
aggregates form placing physical restrictions on how additional signatures can be physically
connected to the growing aggregate.

CLAY FABRIC, MINERALS, AND ORGANIC MATTER:
COMPONENTS OF SEDIMENTARY DEPOSITS
Both clay minerals and organic material participate in great planetary cycles. Clay
minerals are formed by the weathering of rocks and minerals under the influence of water and
soluble chemicals interacting with parent rocks or sedimentary deposits and are transported
initially as clusters termed ‘domains’ (multi-layers; Gaillardet and Galy, 2008). Organic
material at the Earth’s surface also may enter the hydrosphere and undergo chemical and
biological transformations. Frequently, newly formed organic matter is contemporaneously
incorporated with degraded organic matter into the sedimentary deposits and clay mineral
transformation may occur (new minerals formed, Kim, 2004) as part of the ongoing processes
driving sediment and rock diagenesis from mud to shale (Bennett et al., 2004). Often sand and
silt particles are deposited in various percentages with the fine-grained clay minerals. The
clay minerals and other mineral particulates combine with organic matter (OM), both living
(bio-organic) and products of OM, and through various transport agents (streams, rivers,
oceanic currents, and wind), are deposited as sedimentary stratigraphic sequences on land, in
lakes, at the floors of rivers, in coastal environments, embayments, estuaries, lagoons, and
deltas. Many organic-matter clay-mineral particulates that enter the hydrosphere are
transported to continental shelf, slope, rise, and deep-sea basin environments. Throughout
geological time, some seafloor deposits rich in clay minerals and organic matter may be
consolidated into sedimentary rocks and metamorphic materials, and driven by plate
tectonics, become part of the geological materials involved in mountain building near
continental margins at active subduction zones. Thus, plate tectonics and volcanic activity
may bring both clay and organic-rich sedimentary and metamorphic rocks back to the surface
of the Earth to resume the great cycle. Organic matter enters sediments only to be returned, in
part, to the surface of the Earth through geologic processes or the extractive efforts of
mankind, to be converted to atmospheric carbon dioxide which may then be taken up by
plants to create new organic matter. Thus clay minerals individually and collectively, along
with trapped and bound organic matter play an important role in the great repetitive planetary
cycles.
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In this chapter, we focus on the intersection of clay minerals, seawater, and organic
matter at the Earth’s subaerially exposed surface and in submarine surficial deposits, placing
particular interest on a hierarchical model delimiting the interactions and associations of
seawater and clay minerals (clay microstructure) and organic matter in the marine
environment.
A clay mineral develops its characteristic properties as the atoms are organized into what,
to the first degree of approximation, may be described as ordered sheets of hexagonally closepacked oxygen ions which are roughly balanced in electrical charge by positive ions
(commonly silicon and aluminum ions) filling some of the cavities formed between the oxide
spheres. Two types of these sheets occur in the clay minerals; characteristically one type of
sheet has silicon ions in tetrahedral array and the other has aluminum ions in octahedral array,
although other positive ions may be substituted. (See http://pubpages.unh.edu/~
harter/crystal.htm) Common clay minerals are built from these sheets combining regularly
into repeating layers, with the particular minerals differing from one another by which type
and how many sheets make up the repeating layer, and by which ions predominate in the
octahedral and tetrahedral sheets. The kaolinite clay mineral has layers made of one sheet of
each type (with the excess negative charge of the octahedral layer compensated by hydrogen
ions which provide hydrogen bonding between adjacent layers and prevent expansion of the
structure); clay mineral smectite has layers made of two tetrahedral sheets sandwiching an
octahedral sheet. Illite and chlorite minerals generally are considered mica-type clay minerals.
Smectite (expandable, highly charged, and with a large surface area to mass ratio) and illite
layers are both of the 2:1 sheet structure that forms the repeating layer and are the most
common and abundant clay minerals in coastal and deep-water deposits. One striking
property of the clay minerals in an aqueous environment is that the electrical charges of the
oxide anions and the metal cations (positive ions of many elements may replace some of the
aluminum and silicon ions by isomorphic substitution) are not precisely balanced. Instead,
clay domains in water display a net negative electrical charge, principally at the faces of the
clay domains (figure 8). The electrical charge at the edges of these clay minerals, which are
plate-like in form, depends upon how the edges of the crystal structure terminate and may be
positive or negative.8 These properties are of considerable import when we consider the
interactions of clay domains with each other and with organic matter in the hydrosphere.
Organic matter is predominantly composed of covalently bound carbonaceous molecules,
produced by living organisms. Carbon, oxygen, and hydrogen atoms are typically very
abundant in the structure of organic matter; in addition, nitrogen and phosphorous as well as
small amounts of many other elements may be present. The molecules of organic material
may have the shape of long chains, but larger molecules will commonly be folded back upon
themselves or associated with other organic molecules. Larger organic molecules in water
will commonly exhibit some electrical charge – positive, negative, or not infrequently both
within the same molecule.
The atoms and ions that compose clays and OM have dimensions of the order of
hundredths to tenths of nanometers. Organic matter (living and nonliving) in seawater is
derived from fresh water and marine biota and from terrestrial particulates. It can be large, on
the order of centimeters, as commonly observed in marine snow (particulate OM), or small
8

Clay minerals are classified as hydrous aluminum silicates (phyllosilicates), and a discussion of the “clay mineral
concept” can be found in Grim (1968).
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enough to be dissolved. The clay and the organic particles of interest for our model typically
range in size from a few nanometers to a few thousand nanometers. As clay domains and
organic matter encounter each other in rivers, offshore coastal areas, and ocean basins in these
hydrological (water column) environments, they tend to aggregate (figure 9) by a
combination of bio-organic and physicochemical processes that take place on a typical time
scale of minutes to hours, in contrast to the rates of atoms bonding to create organic particles
which take place on time scales of fractions of seconds (figure 9, table 1).

Figure 8. Schematic of two clay domains in seawater approaching face-to-face. Charges on the faces
and edges are shown for both domains; the domain on the left shows hydrated ions in the seawater
which are part of the electrical double layer. Note that in seawater, with the exception of the hydrated
ions of the double layer (illustrated), all other ions of a given charge are precisely balanced by ions of
the opposite charge.

The fabric of clay-rich deposits of interest in this study is formed by processes and
mechanisms operating in the marine environments (figure 4). Hydrologic processes (rivers,
streams, currents, etc.) are responsible for transporting particulate material to marine
environments. Æolian (wind) processes are responsible for eroding terrestrial deposits and
distributing clay minerals and other particulates in the atmosphere to seas and deep ocean
basin environments that form massive siliciclasitc deposits (Bryant and Bennett, 1988).9
Our focus here is on very early stages of fabric formation in the seawater column where
the driving energies for fabric development are largely physicochemical during the rather
long voyage through the often dynamic water column to the seafloor where the domains come
to rest in contact with previously deposited sediment particles (Bryant and Bennett 1988).
Sometimes early fabric development begins in rivers where tidally driven waters reach
salinities of about 6 ppt (salts), such as in estuaries, and flocculation commences driven by
physicochemical processes that operate by electrochemical and thermomechanical
mechanisms (Bennett and Hulbert, 1986; Bennett et al., 1991). The interface dynamic
9

Details of geological terms can be found in the Glossary of Geology (Bates and Jackson, 1980).
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mechanism in hydrodynamic environments, like rivers and offshore areas, can drive clay
domains together or “tear” them apart. But the scale of flow and shear forces must be small
enough to affect clay domain sizes, otherwise the domain(s) will be carried along in the much
larger size current flow (Bennett et al., 1991; Li and Bennett, 1991; Hulbert et al., 2002).

Figure 9. Formation of biosediment aggregates in the water column that settle to the seafloor. (A) Large
clumps or masses of organic mucus such as marine snow sweep up suspended detritus along with clay
domains during descent to the seafloor. (B) Depicts contact between sediment domains and organic
matter through particle linking by polymer bridges (“expanded view”). (C, D) Depicts orientation of
biosediment aggregates in very loose unconsolidated sediment with high porosity commonly 85–93%
(or higher depending upon percent of OM present) at and near the sediment water interface. Modified
from Bennett et al. (1991). Also see Hulbert et al. (2002) for electron microscope observations of the
sediment-water interface. Aggregates may incorporate one bacterial cell or a colony.

Sediments and soils consist of mineral particles (solids), interstitial fluid, free gas, and
particulate organic matter constituting four-phase systems (Bennett et al., 1999a and b). In
deep oceanic water the gas is in solution and the sediment is said to be 100% saturated
(Bennett and Lambert, 1971). Our model addresses only submarine sediments 100% saturated
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with seawater and is thus a three-phase system without free gas bubbles. The size of clay
mineral particles that concern us for this chapter range from sub-nanometer to micrometer
scales. So, in our hierarchical model, the level of initiating conditions will include subnanometer level particles, the focal level will include those at the nanometer level, and the
level of boundary conditions will include particles at the micrometer scale.

CLAY FABRIC: PROCESSES AND MECHANISMS
Major processes and mechanisms of interest during the formation of clay-sediment fabric
in the marine environment are described by Bennett et al. (1991). Their account is rendered
here in terms of a hierarchical model. As we have already said, our hierarchical model for
understanding early clay fabric formation consists of three levels, the level of initiating
conditions, the focal level, and the level of boundary conditions. Each level is delimited using
as a criterion rates of behavior of the various components of the system where discontinuities
are evident (table 1).
We describe our model in a bottom-up fashion, beginning with the level of initiating
conditions which occurs at the molecular level. A common form of clay mineral develops
from crystalline arrays of molecules (groups of atoms) organized as tetrahedral and octahedral
forms organized into sheets. As an example here, one octahedral sheet is bounded by a pair of
tetrahedral sheets to form a layer, the basic building block of a specific type of clay mineral
(figure 1). The atomic level lies just below the level of initiating conditions, but for our
purposes, the mechanisms of interest, e.g., van der Waal’s attraction, involve at least pairs of
atoms, so the molecular level of organization is appropriately chosen as the level of initiating
conditions.
Once the sheets have formed a layer, we are at the focal level of our model that includes
layers, domains, and signatures, which are the building blocks of clay fabric. Fabric
development largely begins when the particles enter an environment (e.g., river, ocean, etc.)
where salinities are about 6 ppt (salts), and start to flocculate, forming nascent multi-layers.
Small multi-layers in the water (domains are commonly derived from rocks and minerals on
land, but we focus on thin multi-layers first) are being driven dynamically by gravity to the
sea floor during their long descent time. The multi-layers also are under the influence of
hydrated ions in dynamic motion. The crystal radii of ions common in seawater are Na+
(0.095 nm), K+ (0.133 nm), Mg2+ (0.065 nm), Ca2+ (0.099 nm), Cl- (0.181 nm), and SO4=
(0.149 nm). Other ions of particular significance in our discussion are Al3+ (0.050 nm), Si4+
(0.041 nm), O= (0.140 nm) and H+ (vanishingly small). The positively charged ions readily
attract to the negative side of the water molecule and the negative ions to water’s positive
side, and because of the dipolar nature of the water molecule (H2O of 0.14 nm radius), the
ions dissolved in water become hydrated. Compare the radii of the following hydrated ions to
the “bare” ion size above: Na+ (0.4 nm hydrated), Mg2+ (0.8 nm hydrated), Ca2+ (0.6 nm
hydrated), Cl- (0.3 nm hydrated), SO4= (0.4 nm hydrated) (figure 10). Here the hydrated ions
in seawater interact with the charged clay and under the effects of electrochemical and
thermomechanical mechanisms the multi-layers contact and adhere by van der Waal’s
attraction. Many hydrated ions cluster around the charged clay layers forming the electrical
double layer (figure 8) and at the common temperatures of oceanic waters, the hydrated ions

310

Kenneth J. Curry, Richard H. Bennett, Paula J. Smithka et al.

and multi-layers “dance” in dynamic motion (driven by thermomechanical and
electrochemical processes). Multi-layer neighbors each with their hydrated atmosphere of
charge come into proximity with each other. The “dance” continues until the hydrated layers
collide and the shorter range van der Waal’s attraction comes into play (figure 6), holding the
multi-layers together, thus beginning the formation of the thick electron-dense clay domains.

Figure 10. Note the orientation of water molecules and hydration of a negative ion (a) and a positive ion
(b) as they “cluster” in dynamic motion around charged atoms. These hydrated ions “dance” around
charged faces or edges of clay domains in seawater. See text for sizes of typical ions contained in
seawater. From Bennett and Hulbert (1986) modified.

The assemblage of multi-layers leads to the formation of thick domains, the basic
building blocks of clay fabric and ultimately clay sediment. The question of how many multilayers must be stacked to have a domain is elusive; however, the domain consisting of multilayers is readily identified by observation using transmission electron microscopy. Here the
notion of emergent properties may help determine how many layers make a domain. Layers
have a net negative charge on their planar surfaces and predominantly a net positive charge
on their edges. Stacking layers changes the ratio of negative to positive expression of surface
charges such that as each layer surface (face) comes into contact with additional layers the
negative charges on the exposed faces remain approximately the same in number, but the
number of charges on the edges of a domain increase with increasing number of layers. The
stack of layers has only two types of exposed surfaces no matter how many layers are in the
stack, but the amount of exposed edge grows per unit stack with each face-to-face multi-layer
added. The change in charge ratio of surface-to-edge decreases until nascent domains can
function in signature formation. Thus the threshold at which the charge ratio changes to allow
domains to function in signature formation represents qualitative novelty, i.e., a new property,
not found in a layer or even in a multi-layer. Thus, the surface-to-edge charge ratio is an
emergent property of domains.
The emergent property of surface-to-edge ratio may result as edges of domains approach
closely enough to edges or faces of domains carrying the opposite charge for the electrostatic
attraction to draw them more closely together and ultimately into close contact. Alternatively,
edges or faces carrying the same electrical charge may “dance” close enough together to
overcome the double layer repulsion and to permit the van der Waal’s attraction to hold the
two domains together. Different results are possible: (1) a larger domain may be formed if the
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domains are aligned face-to-face (not significantly stepped face-to-face) or (2) signatures with
edge-to-edge, edge-to-face, or stepped face-to-face morphology may be formed. The three
fabric signatures interact with each other and organic matter in the hydrosphere. In the case of
edge-to-edge and edge-to-face signatures, relative motion of the two domains about the hinge
of their line of contact can lead the domains to approach each other face-to-face. Again the
double layer repulsion must be overcome along the respective faces, and as the domains
approach the intervening water molecules and negative charges, hydrated ions will be
expelled, while the charge-compensating positive ions (inorganic or organic) as well as
organic matter sorbed onto the clay surface may remain. Important to note is that in the close
vicinity of intersections of domains such as edge-to-face, approaching charged particles
encounter a deep potential energy well once past the repulsive double layer (figure 7).
Signatures, like domains, also have emergent properties. Signatures that form edge-toface have novel deep energy wells (the third type in Important terminology) at the interstice
of the two domains not found in either domain before signature formation. The morphology
of two domains in edge-to-face arrangement is inherently unstable and prone to alteration by
mass fluid flow and shear forces that pivot the domain attached by its edge to a stepped faceto-face morphology. We see from this example that individual mechanisms, e.g., deep energy
wells, mass fluid flow, and shear forces, operate on the focal level. Thus both processes and
mechanisms may operate at the focal level of the model.
When numerous clay domains are in close proximity in the water column and rapid
multiple aggregation occurs and three or more domains attach, then stability of the clay
floccules and the deep energy wells will remain until the aggregate experiences outside stress
that can deform the signatures. At the level of the boundary conditions, clay aggregates are
the results of clay signatures bonding together. Depending upon the domain concentration of
the suspension (number of domains per unit volume) and its salinity, the surrounding domains
may continue to aggregate and form not only compound domains at a new effective domain
size much larger than the initial fundamental fabric signature but also well defined flocculates
and linking chains (figure 11a, b). Nano-scale domains may form (figure 12) developing
small-scale pore spaces between and among flocculated domains with edge-to-face, edge-toedge, and stepped face-to-face fabric signature often trapping OM. The compound domains of
edge-to-edge, and stepped face-to-face signatures (called “linking chains”) often form a
bridge between large aggregates or floccules (figure 11a, b). Also, as mentioned above, larger
thicker domains may form in aligned face-to-face contact.
Once a fabric signature has formed, the local environment will control which potential
resultant higher-level structures or compound particles form. If the salinity of the water is at
least moderate and the concentration of clay domains and of particulate organic matter is
high, rapid flocculation may be expected. The resulting compound aggregate may have both
micro- and nano-pore spaces between and among the flocculated domains with edge-to-face,
edge-to-edge, and stepped face-to-face fabric signatures rich in incorporated OM (figure 12).
Very different massive sediment deposits may result from accumulation of such compound
aggregates: if the supply of material to the seafloor is high, rapid burial and subsequent
consolidation may result in organic-rich black shales; or on the other hand, if the input of
suspended clay particles is large relative to the available organic matter then the deposit
formed will be low in OM (example: Mississippi prodelta muds, 0.5 – 1.5% total organic
carbon [TOC]; Bennett et al., 1985). In contrast, if the rate of descent of clay sediment is slow
and organisms have ample opportunity to feed upon the organic content during the long travel
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time through the water column, then red clays very low in organic matter such as those found
in the deep sea Pacific Ocean Basin would be expected (Bryant and Bennett, 1988). When
these æolian dust particles (domains) settle in some deep ocean basins, then the slowly
accumulating sediment may be poor in organic content (< 0.5% TOC) and rich in stepped
face-to-face fabric signatures and aggregates with significant intrapore space (figure 11).
These red clays are examples of deposits for which, at initial formation of compound
aggregates, environmental conditions provided only very sparse concentrations of clay
domains and of particulate organic matter (low productivity) in “quiescent” energy
conditions, such as those in some deep ocean basins far offshore.

Figure 11. A. Transmission electron photomicrograph of clay fabric showing numerous floccules,
linking chains, and zeolitic aggregate (Bar = 1 μm). B. High magnification showing individual clay
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flocs, floc intravoids, and linking chains. Note numerous EF particle contacts forming numerous intravoids of floccules. EF contacts provide extensive development for deep energy wells within each
floccule. Note also the long linking chains developed from EF and stepped FF particle contacts (Bar =
250 nm). (Deep-Sea Drilling Project, core 163A, 143 m below seafloor. Bennett et al., 1981.)

Figure 12. Transmission electron micrograph of clay fabric showing the distribution of chitin visualized
with a silver particle stain (Curry et al., 2007). Arrows indicate a few of the many silver particles.
Chitin was added to a slurry of clay which was consolidated in a laboratory setting. Bar = 500 nm.

Compound particles interact with each other and with organic matter (living organisms
and products of OM) in the hydrosphere (Bennett et al., 1996, 1999) and these organo-clay
compound particles or aggregates are often comprised of the three fundamental fabric
signatures discussed above and in detail elsewhere (Bennett et al., 1981, 1991; Bennett and
Hulbert, 1986). With the increase in physical scale (µm’s to mm) of aggregate composite
fabric and signatures, the operative mechanisms at post depositional time-scales at depth
below the sediment-water interface shift (change) in terms of the mechanisms that dominate
and the characteristic timescales of particle-to-particle interaction increase.
Aggregates, like layers, domains, and signatures have emergent properties.
Morphological porosity or bulk pore space per unit volume as well as tortuosity or pathways
through and around domains and fabric signatures are emergent properties of aggregates.
Mechanisms operating at the focal level are now considered as operating collectively on the
aggregates as processes, namely, interface dynamics and physicochemical processes (figure
2). The rates of the collective mechanisms, i.e., the processes, operating at this level are
generally slower by a significant degree (table 1), thus delimiting this level from the focal
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level. Phenomena at the focal level are largely unaffected by phenomena at the boundary
conditions level, but they are constrained by the boundary conditions level and may be
affected collectively by energy sources. For example, the addition of a two-domain signature
to an aggregate requires that the signature approach the aggregate from a trajectory through a
favorable field of opposite charges. Also, a domain cannot join an aggregate where a space is
occupied. Another way of looking at the addition of a fabric particle signature or single
domain to an aggregate is that the particle has diminished degrees of freedom in the ways it
can attach and become part of the aggregate. Following contact with the sea floor, the
aggregate itself will undergo morphological change as early sediment diagenesis continues,
but it remains an aggregate until it experiences disruptive stresses such as overburden (weight
of overlying sediment) as sedimentation continues over geological time.

CONCLUSION
We have focused on the early formation of clay fabric development by mechanisms
(energy sources) and processes (two or more mechanisms) at the subnanometer and
micrometer levels of organization in a marine environment. Scientific models, i.e., naturalistic
models, are constructed to aid in understanding natural phenomena and to provide both
descriptions and explanations of those phenomena. If a scientific, naturalistic model is
successful, it should accomplish those goals. It should bear some degree of verisimilitude to
the objects and events that are being modeled in the natural world. Additionally, if a
naturalistic model is fecund, it can be applied to other areas of inquiry. The hierarchical
model we have developed accomplishes these goals for understanding clay fabric
development at different levels of complexity. Each of the three levels is delimited by
discontinuities in the rates of mechanisms of the systems involved: at the molecular level,
i.e., the level of initiating conditions, the various mechanisms that bond molecules together
include van der Waal’s forces, covalent and ionic bonding, etc., operate at the rate of
nanoseconds (table 1). The bonding of molecules leads to qualitative novelty, an emergent
property, of crystalline structures yielding layers, multi-layers, domains and signatures — the
building blocks of clay fabric — which occur at the focal level of the model. The
electrochemical and thermomechanical mechanisms operate at rates of microseconds and
milliseconds, demarcating this focal level from the level of initiating conditions. The
structural formation of layers from mineral sheets, domains from multi-layers, and the three
morphologies of clay signatures are important because these structural formations allow for
organic matter to be trapped in clay fabric. At the level of boundary conditions, clay
aggregates form from the various signatures where physicochemical and interface dynamics
are among the mechanisms operating at the rate of seconds and minutes. This hierarchical
model provides clear boundaries for understanding the mechanisms and objects (domains)
involved in clay fabric development by delimiting the levels by rates of system behavior.
Our naturalistic model is indexical and has a high degree of verisimilitude. The a
posteriori physicochemical evidence presented in this study, obtained through sampling,
detailed laboratory physical and chemical analysis of clay fabric, and TEM imaging and
analysis, provides warrant for the claim that the model has verisimilitude. The model
indicates what we think actually occurs in early clay fabric development. An advantage of
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such hierarchical modeling is a kind of clarity that can be attained by delimiting levels at
which specific mechanisms and processes operate and dominate, considering the phenomena
at each level both in isolation as a subsystem at its level and as part of the whole model.
Because we think the model has a high degree of verisimilitude and strong explanatory value,
one should not conclude that nature is, in fact, hierarchical in the way we suggest in the
model. Recall that models are epistemic tools for understanding what happens in the physical
world (ontologically).
The model, we suggest, is fecund. Recall that it was Salthe’s application of this sort of
hierarchical modeling to evolutionary and ecological concerns that served as the impetus for
our modeling of clay fabric formation in this way. Hierarchical modeling can be applied in
various creative scientific ways. Even though we have only applied it to early clay fabric
development in a marine environment at the nano- and micrometer level, it could be extended
to the entire formation of sediment from atomic to hectare scale levels of organization, larger
scales of energy mechanisms and processes, and from human time frames to geological time
frames.
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